An intergranular fracture feature could be observed when ferritic spheroidal graphite cast irons were tested under continuously wet conditions. The maximum depth of intergranular fractures was closely related to the microstructural feature and ambient environment that caused the deterioration in vibration fracture resistance. Experimental evidence has confirmed the overall D-N curves can be generalized into three characteristic regions. Intergranular fractures occurred in the vicinity of the surface; the existence of nodular graphite act as porosity should be considered as a dominant microstructural factor on the initiation of intergranular fractures. On the other hand, intergranular fractures can be prevented resulting in better vibration fracture resistance when a specimen of ferritic SG cast iron is covered with oil film, or if an identical test is performed using the Fe-3Si steel specimen containing no nodular graphite.
Introduction
Spheroidal graphite (SG) cast iron exhibits excellent castability, damping capacity, mechanical properties and fair machinability. 1, 2) Owing to these advantages, SG cast irons have been widely used in many vehicle structure components. Silicon steel has also been used in electrical equipment. [1] [2] [3] [4] When a component is used in such applications, the possibility of vibration fracture resulting from resonant vibration conditions or wet weather (rainy day) cannot be neglected. That is, when the applied vibration frequency reaches a resonant frequency of the component, [5] [6] [7] failure occurs rapidly. On the other hand, concerning the microstructural feature of ferritic SG cast iron, a fair amount (about 13-15%) of nodular graphite phase is embedded in the matrix. The correlation between nodular graphite and ferrite matrix can be assumed to play an important role in the vibration fracturing behavior.
From previous investigations, [8] [9] [10] if SG cast iron is exposed to an aqueous environment, water-assisted deterioration of the fatigue properties is likely to occur. With regard to the tensile properties of water-immersed SG cast irons, [8] [9] [10] it has been reported that water-assisted embrittlement occurs only in the case of high strength cast irons such as ADI (austempered ductile iron), and it has been pointed out that this phenomenon might be closely related to hydrogen embrittlement. [8] [9] [10] In our previous investigations on the vibration behavior of nodular graphite cast iron, vibration cracks initiated from the surface took place either from nodular graphite or along the ferritic boundary. 7, 11, 12) However, the ambient environmental effect on vibration fracture resistance remains unclear. Therefore, this study aimed to investigate the effect of an aqueous environment on the occurrence of intergranular fractures with regard to the deterioration of vibration fracture resistance. In addition, a single phase Fe-3 mass%Si wrought steel and two low carbon content SG cast iron samples were also used for comparison to assess the role of nodular graphite on the deterioration of vibration fracture resistance.
Experimental Procedures

Material preparation
Ferritic spheroidal graphite cast iron was prepared by melting pig iron, silicon steel scrap and ferrosilicon in a high frequency induction furnace. Small amounts of Fe-75 mass%Si alloy and Fe-45 mass%Si-5 mass%Mg alloy were applied as inoculator and spheroidizer, respectively. Ferritizing heat treatment involved soaking at 1198 K for 3 h prior to furnace cooling to 1023 K for another holding period of 5 h before the final furnace cooling to room temperature. Si steel specimens with fully ferritic matrix and similar silicon content to the above-mentioned SG cast iron specimens were also prepared and designated as ''Fe-3Si''. Figure 1 shows the optical microstructures of the test materials. Tables 1 and  2 present the chemical compositions and the results of  quantitative microstructural analysis of the specimens used, where SG3430 and SG2027 denote the SG cast iron contained 3.4 mass%C, 3.0 mass%Si and 2.0 mass%C, 2.7 mass%Si, respectively.
Resonant vibration and tensile tests
A simple cantilever beam vibration system, as shown schematically in Fig. 2 , was used for the vibration experiment. The test specimen, rectangular with dimensions 15 mm Â 100 mm Â 2 mm was clamped on end to the vibration shaker. An acceleration sensor monitored the vibration force, and a deflection sensor measured the deflection amplitude at the end of the specimen.
Vibration tests were conducted at their resonant frequency and a fixed vibration force, with a detected acceleration of 1.7 g, where g denotes acceleration due to gravity (9.8 m/s 2 ). The observed resonant frequency is obtained from the frequency leading to the largest deflection and can be examined by varying the vibration frequency continuously as shown in Fig. 3 .
Three ambient environmental conditions were applied; an ambient air atmosphere and an aqueous environment as well as an oil environment were introduced by spraying water and oil mist (using a drop device) on the surface of the specimens during vibration testing. These will be denoted as Aq and Oil, respectively. The mechanical properties of the samples were examined by tensile testing with an initial strain rate of 6:67 Â 10 À4 s À1 in the above-mentioned environmental conditions for verification. From Fig. 4 , it is clear that the overall D-N curves are strongly ambient environmentally dependent and can be generalized into three characteristic regions. The feature can be described from the beginning as follows: Region I, with increasing deflection amplitude, Region II, with a constant deflection amplitude and Region III with descending deflection amplitude. Based on our previous investigations 5, 6, 13) and observed evidence as shown in Fig. 5(a) , strainhardening results in an ascending deflection in the early stage of the D-N curve (Region I) and the deformation is mainly localized in the vicinity of graphite nodules due to the stress concentration effect under cyclic loading on the surface ( Fig. 5(a) ). The constant deflection amplitude within Region II can be attributed to the strain hardening effect in competition with that of crack generation and linking. The evidence is shown in Fig. 5(b) . Region III with a descending trend resulting from the actual vibration frequency deviating from the resonant frequency can be attributed to the rapid inward propagation of major cracks ( Fig. 5(c) ). Therefore, the quantitative data for vibration fracture resistance can reasonably be defined as the total number of vibration cycles within the interval of Region I and II.
Results
Effect of ambient aqueous environment on the deterioration of vibration fracture resistance
On the other hand, the specimens tested in ambient oil mist conditions exhibited a significant improvement in vibration fracture resistance compared to the other SG cast iron specimens, as shown in Fig. 4 , which were tested under identical air and ambient water mist environments. This implies that the ambient environmental factor plays an important role in the deterioration of fracture resistance.
The typical fractography of each specimen after vibration testing was examined. Figure 6 reveals that many intergranular cracks commonly can be observed in the vicinity of the surface, but from Fig. 7 , it should be noted that the penetration depth of intergranular cracks were significantly intensified when the vibration test was performed in the aqueous ambient environment. In addition, from Fig. 6(b) , it is clear that the intergranular facets particularly like to surround the graphite nodules. From Fig. 6(c) , very few intergranular cracks, which resulted in better vibration fracture resistance, occurred when the specimens were tested under oil mist condition.
Effect of nodular graphite on vibration fracture
resistance under aqueous ambient environment Figure 8 shows the feature of D-N curves of both SG cast irons and graphite-free Fe-Si specimens tested in an identical aqueous environment. It is clear that the high carbon content SG samples exhibit a significant deterioration in vibration fracture resistance in an aqueous environment. From Fig. 9 , Effect
the degradation rate of vibration fracture resistance tends to increase as the area fraction of nodular graphite increases, and the results can be further compared to the Fe-3Si specimens. From SEM observation, intergranular fractures could roughly be identified on the SG cast iron, and the maximum depth, as shown in Fig. 10 , tends to increase with the area fraction of nodular graphite increases as they are tested in air.
The maximum depth of all SG specimens significant increase when they are tested in aqueous environment. Because only the Fe-3Si sample showed a typical cleavage fracture pattern, as shown in Fig. 11(d) , it is reasonable to suggest that nodular graphite also plays an important role in the initiation of intergranular fractures. From Fig. 10 , it is clear that each graphite nodule corresponds to one of a rim shape intergranular fracturing site of ferrite matrix; in particular, an aqueous ambient environment will promote the maximum depth of intergranular fractures.
At the end of each vibration test when the deflection drops substantially, the main cracks, which were generated from any nodular graphite microscopically, linked together. Both the SG3430 and SG2027 specimens had similar crack initiation and propagation behavior. For illustration, Fig. 6 shows a typical cracking feature of the SG3430 specimen, which corresponds to Region II of the D-N curve. The optical micrographs in Figs. 5(b) and (c) were taken at the same Comparing with other experimental evidence, as shown in Fig. 11(c) , it is clear that the Fe-3Si wrought steel specimen exhibited different cracking behavior, that is the cracks transgranularly extend through the ferrite grain. A typical cleavage fracture surface can be recognized, as shown in Fig.  11(d) .
However, the possible causes of the above-mentioned difference in the manner of cracking between ferrite SG cast iron and Fe-3Si steel are associated with the stress concentration effect that results from the existence of nodular graphite. As the volume fraction of nodular graphite increases, not only the formation of slip bands is promoted, but also cracks initiate intergranularly in the early stages of vibration, especially when the specimen was tested in an aqueous ambient environment.
Discussion
From Table 2 , the tensile data under various ambient environments shows that there is very little difference in tensile flow stress and elongation. The tensile fracture surfaces of all specimens show a typical ductile dimple pattern in spite of fracturing under the ambient air or aqueous environments. This result verifies that an aqueous environment does not cause deterioration in tensile properties of ferritic SG cast iron.
Concerning the vibration application, it is clear that a significant deterioration of vibration fracture resistance commonly occurs in high ductility ferritic SG cast iron in an aqueous environment. Based on our earlier investigations, 11, 12) the resonant vibration samples, resembling the reverse bending fatigue test, suffering from alternate bending stress. It can be deduced that the alternate tensile-compressive stresses should be correlated to the existence of nodular graphite that actually plays an important role in causing deterioration in vibration fracture resistance.
As for the specimen tested in the simple cantilever beam vibrating system, in the initial stage, Fig. 6 shows that the deflection increases as the number of vibration cycles increase. According to our previous examination, [5] [6] [7] this stage of ascending deflection is associated with increasing work hardening. The micro hardness of the matrix surrounding nodular graphite is much higher than elsewhere and the initial cracks occurred from nodular graphite in consequence (Fig. 5(a) ). For those test samples having a distinct plateau stage of constant deflection amplitude before the final stage of descending deflection, as shown in Fig. 5(b) , it is reasonable to suggest that this corresponds to the vibration fracture resistance of the specimen.
It must be pointed out that intergranular fracture was observed in a distinct area near the surface regardless of whether the specimens were tested in air or an aqueous environment. As shown in Figs. 6(a), (b) , the SG cast iron exposed to an aqueous environment shows a larger intergranular fracture area. Comparing the data as shown in Fig.  6(c) , very few intergranular fractures were observed when the specimens were tested in an oil environment. A generally accepted opinion is that the aqueous environmental effect on fatigue crack propagation should be considered closely related to hydrogen embrittlement. 14, 15) For SG cast iron, the strength of graphite is about 20 MPa, compare with the ferritic matrix (200 MPa) is related small. Graphite, acted as porosity, will lead to the stress concentration in the vicinity of graphite nodules during the elastic deformation stage have been well studied. 16, 17) Concerning the hydrogen resolving from water molecules contained in the air or aqueous environments, Figure 12 indicates the effect of stress concentration around nodular graphite can be assumed to be responsible for intergranular fractures. 0) In addition, the preferential absorption of atomic hydrogen along metalloidsegregated grain boundaries and subsequent intergranular cracking pertaining to the deterioration of vibration fracture resistance.
Furthermore, in order to verify the effect of water molecules, an identical test was performed which stopped supplying water mist during vibration testing. From Fig. 13 , the specimens only pre-immersed in water (for 1 h) before testing show comparatively little deterioration of vibration fracture resistance. From this evidence, it is reasonable to suggest that water-assisted embrittlement only occurs under constant water supplied during vibration testing.
With regard to the vibration fracture process, cyclic loading with an alternate tensile-compressive stress will promote the diffusion of interstitial atoms. 16) Particularly for ferritic spheroidal graphite cast iron, the graphite nodules may play an important role in promoting the hydrogen effect on grain boundary decohesion. 4) Based on experimental evidence, not only the deterioration of vibration fracture resistance through contact with water molecules can be verified, but also the materials with larger area fraction of graphite nodules can promote intergranular cracks and hence more significant deterioration in vibration fracture resistance.
On the other hand, the Fe-3Si steel specimens possessed a longer vibration life than all of the SG specimens, without showing any intergranular fractures even under identical severe aqueous conditions. However, the absence of nodular graphite phase and a subsequent lower stress concentration effect resulted in different deformation and fracture manner. Hence, the slip band cracking is a pronounced cracking mode of the wrought Fe-Si alloy. Also, the localized stress concentration effect on the ferrite grain boundary is limited.
Conclusions
(1) The vibration fracture resistance of ferritic SG cast iron under an aqueous ambient environment is reduced through contact with water. Significant intergranular cracks occur only if water molecules are supplied continuously. The samples tested in this aqueous environment exhibit deeper inward extended intergranular fractures than those tested in other conditions. Fe3Si steel tested under identical conditions or ferrite SG cast iron tested in an oil mist environment will exhibit very few intergranular fractures. (2) It is reasonable to suggest that the reaction between water molecules and ferritic SG cast iron is responsible for the deterioration of vibration fracture resistance due to the fact that it consists of hydrogen. In particular, the differences in the manner of cracking behavior between ferritic SG cast iron and Fe-3Si steel are probably correlated to the existence of nodular graphite, which is the stress concentration site during vibration testing results in the formation of slip band and induced intergranular cracks in the earlier stages of vibration. 
